Four Texel wethers (60 to 64 kg) fitted with rumen and duodenal cannulae were used to compare methods for estimating mean retention times (MRT) of digesta markers. They were fed, in eight equal meals, 1,200 g of a mixture of a chopped and ground (8-mm screen) and pelleted orchardgrass hay in the ratios 90/10, 50/50, 30/70, or 10/90 according to a 4 × 4 Latin square design. Mean retention time in the stomach and in the whole tract were estimated by orally delivering pulse doses of 170 Tm-labeled chopped hay, 169 Yb-labeled ground hay, and [ 51 Cr]EDTA, followed by duodenal spot-sampling and total collection of feces; calculations were done using an algebraic method. Mean retention time in the abomasum was estimated following administration of a pulse dose of the markers ( 169 Yb-labeled duodenal particles and [ 51 Cr]EDTA) in the abomasum via the ruminal cannula through the reticulo-omasal orifice and collecting duodenal samples. The reference value for MRT in the reticulorumen (MRT RR ) was calculated by subtracting MRT in the abomasum from MRT in the stomach. For all markers, fecal excretion curves were fitted to a two-compartment age-independent model, a gamma-2 age dependent-age independent two-compartmental model, and a multicompartmental model. Comparisons were made among parameters of the models and their anatomical or physiological attributes when these were clearly defined or easily calculated. The mean retention time in the reticulorumen (MRT RR ) obtained from the multicompartment model was similar to those calculated with the algebraic method whatever the sampling site and the marker used.
Introduction
Compartmental analysis of marker excretion in feces is widely used to estimate digesta retention time in various segments of the gastrointestinal tract in ruminants. Considering the ruminant digestive tract as a sequential, irreversible, two-compartment flow process, Grovum and Williams (1973a) proposed the use of a model with two exponential terms and a time delay to represent the process. According to Ellis et al.(1979) the rumen is the only compartment in the system, and particles emerge from the rumen as they would from two sequential mixing compartments. This process was described with a single compartment model with a time-dependent function. However, this model did not improve the quality of fecal excretion curve fitting (Prange et al., 1982; Coleman et al., 1984; Cochran et al., 1986) . Dhanoa et al. (1985) considered digesta kinetics as a multicompartmental, exponential process. Those models were used to estimate ruminal passage rate by fitting fecal or duodenal marker excretion curves and led to conflicting conclusions regarding the accuracy of this prediction.
The physiological allocations of the different compartments of these models remain unclear. Therefore, the principal objective of the present study was to determine liquid and particle mean retention times ( MRT) in the rumen, by fitting marker concentration curves at the duodenal and rectal levels and compared those estimates to the values obtained by a more direct calculation using an algebraic sum method (Thielemans et al., 1978) . This study was performed on sheep fed the same amount of four diets with different proportions of chopped and pelleted ground orchardgrass hay. Mean retention time of chopped orchardgrass hay, pelleted ground orchardgrass hay, and liquid phase were obtained using, respectively, 170 Tm, 169 Yb, and [ 51 Cr]EDTA as digesta markers.
Materials and Methods

Animals and Diets
Four adult Texel wethers (mean BW 62 kg) fitted with ruminal and duodenal simple cannulae were individually housed in metabolism cages. They were randomly assigned to consume a mixture of a chopped and ground (8-mm screen) and pelleted orchardgrass hay (2.4% N, 59.4% NDF, dry matter basis) in 90/10, 50/50, 30/70, or 10/90 ratios, according to a 4 × 4 Latin Square design. Hay (1,200 g DM/day) was delivered in eight equal meals daily at 0300, 0600, 0900, 1200, 1500, 1800, 2100, and 2400. Water intake was measured prior to each experimental period, and the same amount per day was then continuously infused into the rumen to reduce possible variations in liquid and particle outflow from the rumen.
Marker Preparation
Portions of chopped and ground hay were placed in nylon bags (100-mm pore size) and washed in a washing machine ( 1 h at 70°C), using a commercial detergent without EDTA, followed by four rinses with water.
Washed ground hay was separated by wet sieving on 1-, .8-, .4-, .25-, and .16-mm screens. Particles retained on .4, .25, and .16 mm screen were pooled. This fraction of chopped hay was incubated in a rare earth solution (15 mL/g hay DM) for 24 h. The rare earth solutions were a mixture of 169 Yb-acetate (.25 mCi/mL) and Yb-acetate (.02 M) for labeling sieved fractions of ground hay, and of 170 Tm-acetate (.25 mCi/ mL) and Tm-acetate (.02 M) for labeling chopped hay. Then, labeled particles were rinsed under tap water for 2 min and immersed for 1.5 h in a water bath (15 mL/g hay DM) to remove loosely or unbound rare earth. Marked particles were dried at 80°C for 48 h.
In order to prepare abomasal doses of markers, duodenal contents were put into nylon bags (100-mm pore size), washed with tap water, and labeled with a mixture of Yb-acetate and 169 Yb-acetate using the procedure described above.
The [ 51 Cr]EDTA complex (Downes and McDonald, 1964) was used as a liquid marker as a mixture with Cr-EDTA (Binnerts et al., 1968 
Marker Administration and Digesta Collection
Animals were adapted to the diets for 15 d before they were offered a dose of 170 Tm labeled chopped hay and a dose of 169 Yb-labeled pelleted ground hay (10 g and 18 mCi each) at the beginning of the morning meal ( 9 h); a dose of 40 mCi of [ 51 Cr]EDTA was placed intraruminally at the same time.
To calculate mean retention time in the stomach (forestomach and abomasum), 20 duodenal digesta samples (approximately 60 mL each) were collected from each sheep every 2 h through 13 h, every 3 h through 25 h, every 6 h through 49 h, every 12 h through 97 h, and then every 24 h until 145 h after marker distribution. To calculate mean retention time in the total gastrointestinal tract, total fecal collection started 4 h after marker administration and continued during 3-, 6-, 12-h intervals for d 1, 2 + 3, and 4 to 7, respectively.
The d 8 after oral marker administration, abomasal doses of labeled duodenal particles (3-g particles and 1.5 mCi of 169 Yb for each dose) and of [ 51 Cr]EDTA (20 mL and 15 mCi for each dose) were delivered simultaneously, using a syringe joined with rubber tubing that passed via the ruminal cannula through the reticulo-omasal orifice. Duodenal samples were collected every .5 h for 2 h, and then every 1 h for 9 h after marker distribution.
The 170 Tm, 169 Yb, and 51 Cr counts were simultaneously performed on fresh samples using a gamma spectrophotometer (Autogamma 5500, Packard) with counting windows of 75−95, 95−130, and 290−340 keV, respectively.
Digesta Kinetics
Marker mean retention times (MRT) between the dosing site and feces was obtained from the marker excretion pattern using the equation developed by Faichney (1975) . The MRT in the entire gastrointestinal tract (MRT T ) was calculated using the equation: MRT T = S Mi ti, where ti is the time elapsed between dosing and the i th defecation and Mi the quantity of marker excreted in the i th defecation as a proportion of the total amount of marker excreted. The MRT between the dosing site and duodenum (MRT S ) was obtained from the marker excretion pattern using the equation developed by Thielemans et al. (1978) : MRT S = S Ci Dti ti/S Ci Dti, where Ci is the marker concentration in the i th sample collected at ti after dosing, and Dti the mean time representing the i th sample. These two algebraic methods provide the effective MRT of the markers in the considered segments of the tract and used as the reference values (denoted ref. ) to compare with MRT given by the modeling methods. The MRT in the total tract, in the stomach, and in the abomasum was noted MRT T , MRT S , and MRT A , respectively. The MRT in the intestines (MRT I ) was calculated as MRT T minus MRT S . The MRT in the reticulorumen (MRT RR ) was calculated as MRT S minus MRT A . The MRT in the omasum was included in this estimate; it was not subtracted because of the uncertainty and lack of published values on residence times in this segment.
Particle comminution in the rumen is a timeconsuming process. The time allocated to it was calculated as MRT S( Tm) minus MRT S( Yb) and MRT T( Tm) minus MRT T( Yb) . a Number of observations = 48. b Models used: Gw = age-independent biexponential model of Grovum and Williams (1973b) ; El = gamma-2 age dependent-age independent two-compartment model of Ellis et al. (1979) ; Dh = multicompartmental model of Dhanoa et al. (1985) . The terminal decreasing portion of the marker concentration curve in duodenal and fecal content is associated with the outflow from the rumen. Thus, as proposed by Grovum and Williams (1973b) and later by Mambrini (1990) , we adjusted this portion to a decreasing exponential process using the equation proposed by Hungate (1966) to describe the evolution of the marker concentration in a mixing compartment: C(t) = Co e −kt , where C(t) is the marker concentration at time t, Co the initial concentration at which to start this decreasing exponential and is selected by eye, and k is the outflow rate of the marker from the rumen; the value 1/k obtained represents the MRT RR .
Duodenal and fecal excretion curves of markers were fitted to three models: 1 ) the age-independent biexponential model (Grovum and Williams, 1973a) ; 2 ) the gamma-2 age dependent-age independent twocompartment model (Ellis et al., 1979) ; and 3 ) the multicompartmental model (Dhanoa et al., 1985) . The three models are denoted Gw, El, and Dh, respectively. Curve fitting was performed using the NLIN procedure of SAS (1988; PROC NLIN, iterative Marquardt Method).
Those models estimate passage rates from two compartments and include a time delay ( TT) . Passage rates from compartments were designated as K 1 and K 2 .
When the Gw and Dh models were applied to fecal excretion curves, K 1 and k 2 referred to passage rates in the reticulorumen and the caecum-proximal colon, respectively. When those models were applied to duodenal excretion curves, K 1 and K 2 referred to passage rates out of the rumen and passage rates out of the abomasum, respectively; the time delay TT represents the time spent in the tubular compartment. The MRT in the whole gastrointestinal tract is given by MRT ( Dh,Gw) = MRT 1 + MRT 2 + TT with MRT 1 = 1/ K 1 and MRT 2 = 1/K 2 .
When the model of Ellis et al. (1979) is fitted to the duodenal and fecal excretion curves, K 1 represents the passage rate of small particles out of the rumen, and K 2 represents the flow rate of particles from the large to the small particle pool within the rumen owing to comminution. The term K 1 is a time-independent parameter. The K 2 term is a time-dependent parameter and follows a gamma-2 distribution. When this model was applied to fecal excretion curves, included in this last parameter a mixing time in a mixing compartment placed after the rumen. The degree of dependency for K 2 (gamma-2) was chosen considering previous results by Ellis et al. (1979 and Quiroz et al. (1988) . Total MRT is given by MRT El = MRT 1 + MRT 2 + TT with MRT 1 = 1/ K 1 and MRT 2 = 2/K 2 .
Statistical Analysis
The quality of curve fitting with the models was evaluated by comparing the residual standard deviations and the proportion of variance accounted for.
The MRT T and MRT S values were calculated using four methods (ref, Gw, Dh, and El) and MRT RR using one more (1/k). Because the MRT values obtained with the different methods have been estimated from the same set of data, they were analyzed independently. First, MRT data estimated with each method were submitted to an analysis of variance by the GLM procedure of SAS (1988) to estimate the effects of experimental period ( 4 ) , diet ( 4 ) , animal ( 4 ) , marker ( 3 ) , and sampling sites (2: feces and duodenum, only for MRT RR ) on MRT data and the different parameters of the models.
Second, we analyzed the statistical significance of differences between MRT estimates (Gw − ref, El − ref, Dh − ref, Gw − El, Dh − El, and Gw − Dh) using the statistical model previously described.
When significant effects ( P < .05) of one or more factors on transit parameters were shown, means were compared (least squares means procedure, SAS, 1988); when effects were not significant, data were pooled across those factors and compared with zero using the PROC MEANS procedure (SAS, 1988) , which allowed us to answer the question about whether the two methods led to the same estimates.
Results
Quality of Marker Passage Curve Fitting
Parameters estimating the quality of marker curve fitting are presented in Table 1 .
Models generally fitted the data quite well. Sampling site had an influence ( P < .05) on the parameters estimating the quality of marker curve fitting. The proportion of the total variance accounted for by the models averaged 99.2 and 96.9%, respectively, for fecal and duodenal kinetics, and the residual standard deviation were 203.5 and 129.0 cpm/ g DM for fecal and duodenal kinetics, respectively. (1975) and Thielemans et al. (1978) , respectively, for fecal and duodenal sampling.
c Models used: Gw = age-independent biexponential model of Grovum and Williams (1973b) ; El = gamma-2 age dependent-age independent two-compartment model of Ellis et al. (1979) ; Dh = multicompartmental model of Dhanoa et al. (1985) .
x,y,z Within a row, means lacking a common superscript letter differ ( P < .05). 
Estimation of MRT in the Entire Gastrointestinal Tract (MRT T ) and in the Stomach (MRT S )
The MRT T and MRT S estimates by algebraic and modeling methods when applied to fecal and duodenal excretion of markers are compared in Table 2 . Generally, modeling methods led to an overestimation of MRT, especially for MRT T . Whatever the calculation method, MRT T and MRT S varied according to markers and animals ( P < .05, results not showed). As expected, MRT was greater for Tm than for Yb, itself greater than for Cr. Neither experimental period nor diet significantly affected MRT. The MRT T values obtained with modeling methods were always higher than the corresponding reference value. At least one variance factor (period, animal, diet, or marker) has affected the differences between modeling and reference values. In contrast, the differences between models (Gw − El, Gw − Dh, and Dh − El) were not related to any of the tested factors. The Gw and Dh models gave similar MRT T values. Generally, MRT T evolves in this way: Gw = Dh > El > ref, but the differences were small (i.e., within 4%).
The marker influenced ( P < .05) the variation of MRT S estimates in both the modeling and the algebraic methods (considered as the reference one). No factor affected differences between MRT S estimation by modeling method. With Tm as a marker, MRT S obtained with the modeling methods were higher ( P < .05) than the reference value by 3.1, 4.1, and 5.2 h for Gw, El, Dh, respectively; those differences were lower with Yb and Cr (for Yb, .8, 2.1, and 2.3 h; for Cr, −1.4, −.3, −.3 h, respectively, for Gw, El, and Dh models). Stomach MRT of Yb estimated by Gw model and of Cr estimated by EL and Dh models were not significantly different from their respective reference values. However, differences between models appeared for MRT S ( Table 2) .
Estimation of MRT in the Reticulorumen (MRT RR )
Results of MRT RR estimated by modeling and algebraic methods are presented in Table 3 . Values were close regardless of the method. Estimates from duodenal or fecal sampling site were not significantly different. As expected, marker MRT RR increased in the order of Cr, Yb, and Tm. Large differences appeared among animals, which were ranked in the order A < B = C < D.
Differences between modeling methods and algebraic methods (reference) for MRT RR values and their variation factors are presented in Table 3 . The diet, in fact, the proportion of chopped vs ground and pelleted hay in the diet, affected ( P < .05) MRT RR estimated with algebraic methods, with lower values for the proportion 90/10 and 30/70 (26.5 and 25.5 h for MRT RR , respectively), and higher values for the proportion 50/50 and 10/90 (29.5 and 30.3 h for MRT RR , respectively). We observed the same evolution of MRT RR according to the diet, when calculated with the Gw and Dh models; the El model led to the same estimation of MRT RR regardless of the diet.
When analyzing the effects of the different factors on the differences obtained between MRT RR estimated by modeling (Gw, Dh, El, and 1/k) and the reference method (ref), we observed that the marker had a significant effect on the differences (Gw . Then, the data for the differences were pooled by factors when one of them had a significant effect on those differences, and the null hypothesis was tested on it to determine whether the modeling and reference method produced the same results. The difference (Dh − ref) did not seem to be different from zero ( P < .05); the same result was obtained with the Gw model for the Cr marker, and with the El model when applied to duodenal data, and only for the Cr marker when Faichney (1975) and Thielemans et al. (1978) , respectively, for fecal and duodenal sampling.
b Models used: Gw = age-independent biexponential model of Grovum and Williams (1973b) ; El = gamma-2 age dependent-age independent two-compartment model of Ellis et al. (1979) ; Dh = multicompartmental model of Dhanoa et al. (1985) .
c SEM: standard error of mean ( n = 16). Table 4 . Comparison between marker mean retention time (MRT) in the abomasum (MRT A ) determined with the algebraic method or estimated by Gw a and Dh b models fitted to duodenal curves a Gw = age-independent biexponential model of Grovum and Williams (1973b) .
b Dh = multicompartmental model of Dhanoa et al. (1985) . c SEM: standard error of mean ( n = 16).
x,y,z Within a column, means lacking a common superscript letter differ ( P < .05). applied to fecal data, which suggested that in those conditions the two methods led to the same estimation of MRT. Estimations of MRT RR were similar for the El and Dh models fitted to duodenal data, and for Gw and El fitted to fecal data. The Gw and 1/k methods produced the same MRT RR estimations when applied to Yb and Cr kinetics excretion curves.
Markers
Estimation of MRT in the Abomasum (MRT A )
Results of MRT A estimated with the Gw and Dh models fitted to duodenal data and calculated with an algebraic method (Thielemans et al., 1978) are presented in Table 4 . The MRT A values were different ( P < .05) between markers. Whatever the marker, MRT A estimated with the Gw and Dh models were significantly different from the reference value.
Fraction of MRT Due to Comminution of Particles in the Rumen
Particle comminution time was estimated either by subtracting mean retention time of Tm and Yb in the whole gastrointestinal tract or in the stomach (calculated using the algebraic methods), or by the second parameter obtained by modeling duodenal and fecal excretion curves with the El model (Table 5 ). There was no significant differences ( P < .05) between those estimates of comminution time, except those provided by the El model fitted to fecal data, which led to a much larger value.
Transit Time and MRT in Compartments Other Than the Rumen (Modeling Results)
The difference between MRT T and MRT S represents MRT in the small and large intestines (denoted MRT I ) . The MRT 2 obtained by modeling fecal excretion curves using models of Gw and Dh conceptually represents MRT in the caecum-proximal colon, and the time delay TT represents the rest of intestine. According to Ellis et al. (1979) , MRT 2 obtained by modeling duodenal or faecal excretion curves with their model represents comminution time of particles in the rumen. However, proposed that MRT 2 from fecal data includes a mixing time in a compartment located after the rumen, probably the caecum. Then, the difference of MRT 2 from fecal data minus MRT 2 from duodenal data might represent MRT in the caecum-proximal colon. Furthermore, the time delay TT obtained from duodenal data, whichever model is used, represents the MRT in the omasum. Those results are presented in Table 6 . The Faichney (1975) and Thielemans et al. (1978) , respectively, for fecal and duodenal sampling.
c El = gamma-2 age-dependent-age independent two-compartment model of Ellis et al. (1979) .
x,y Within a row and a column, means lacking a common superscript letter differ ( P < .05). a Models used: Gw = age independent biexponential model of Grovum and Williams (1973b) ; El = gamma two age dependent-age independent two compartment model of Ellis et al. (1979) ; Dh = multicompartmental model of Dhanoa et al. (1985) .
b MRT I = MRT T − MRT S , where MRT T and MRT S were the reference values shown in MRT in caecum-proximal colon estimated with the Dh model was lower than those estimated with the Gw model. Conversely, TT estimated with the Gw model, at whichever sampling site (fecal or duodenal), was lower than TT estimated with the Dh model. The MRT I estimated using Gw and Dh model (theoretically, TT + MRT 2 ) was much greater than the reference value of MRT in the postduodenal segment of the digestive tract. However, the TT values obtained with these two models applied to fecal excretion curves were close to the reference value, although it did not theoretically include MRT in caecum-proximal colon.
Discussion
Curve Fitting
When applied to our data, the three models led to good fits (variance accounted for by the models >96.1% and standard error <2.10 2 cpm/g DM). However, the three models fitted more closely the marker fecal curves than the duodenal curves, probably because of a more accurate distribution of marker concentration points along the ascending part of curves when the sampling site is close to the rumen (Faichney and Griffiths, 1978; Hartnell and Satter, 1979) . Whichever the sampling site, it was not possible from our data to show that any one of the three was superior to the others. Prange et al. (1982) , Cochran et al. (1986) , and Lallès et al. (1991) reported the same results when comparing the Gw and El models. By contrast, Najar et al. (1988) demonstrated the superiority of the Dh to the Gw model in fitting fecal marker curves.
Whole Tract and Stomach MRT
Whole tract MRT were overestimated with the models compared with the numerical integration procedure (Faichney, 1975;  here called the reference method) . This result agrees with those obtained by Lallès et al. (1991) with data obtained in calves and Mambrini (1990) with dairy cows; they suggested that models extrapolate marker excretion curve to infinity, and numerical integration is a finite calculation to explain those differences between modeling and algebraic procedure. However, Najar et al. (1988) and Peyraud et al. (1989) reported no discrepancy between total MRT estimated with the Gw model and with the numerical integration procedure for goats and dairy cows, respectively. In this study, we found that MRT T evolves in this way: Gw = Dh > El > Ref.
This result is in agreement with those from Dhanoa et al. (1985) and Beauchemin and Buchanan-Smith (1989) for Gw and Dh models, but are in disagreement with those from Cochran et al. (1986) and Holleman and White (1989) for Gw and El models. As previously noticed, (Lallès et al.,1991) both algebraic methods (Faichney, 1975; Thielemans et al., 1978) provided similar estimates of total MRT which suggests that fecal excretion can be considered as a continuous phenomenon in steady-state conditions that allows fecal spot-sampling instead of total collection of feces. However, in the present experiment, fecal samples were obtained from total fecal collection, and, therefore, there is no doubt the samples were representative. As observed for MRT T , MRT S values were higher when calculated with the models rather than with the reference method.
Mean Retention Time in Segments of the Gastrointestinal Tract
The three models compared partition of the MRT within the whole gastrointestinal tract (fecal data) or in subsets of it using duodenal data, namely MRT 1 , MRT 2 , and TT. Their respective importance varies among models regardless of anatomical and physiological considerations.
Ruminal MRT
From our results, the MRT estimates in the larger compartment (MRT 1 ) seemed to be of similar magnitude, whichever the model. This was also observed by Prange et al. (1982) and Goetsch and Owens (1985) from a comparison of Gw and El models, by Beauchemin and Buchanan-Smith (1989) , who compared Gw and Dh models, and Lallès et al. (1991) from a comparison of Gw, El, and Dh models.
Ruminal MRT Estimates by Modeling and Algebraic
Methods. Little work has been done to assess the physiological meaning of transit time parameters provided by modeling methods probably because of the difficulties in obtaining reference values. In the present work, we considered the difference between MRT in the stomach and MRT in the abomasum, and both were determined with an algebraic method (Thielemans et al., 1978) , as a reference value of ruminal MRT. This reference value includes the residence time in the omasum. Omasal MRT is poorly documented and difficult to measure. Using the slaughter technique, Barry et al. (1985) reported values of .6 to .8 h for liquid and 2.0 to 2.6 h for particulate phases of MRT in the omasum with a large variability among animals. The effect of reducing the size of the ingested particles of hay on MRT RR is not clearly established. Most of the workers reported a decrease in MRT RR (O'Dell et al., 1963; Campling and Freer, 1966; Journet and Demarquilly, 1967; Thomson and Beever, 1980; Weston and Kennedy, 1984; Fadlalla et al., 1987; Susmel et al., 1991) , and others reported an increase (Balch, 1950; Faichney, 1983; Weston and Hogan, 1967) in MRT RR when grinding the diet. Our results suggested a curvilinear effect of increasing the proportion of ground and pelleted hay in the diet, with lower values of MRT RR for the 90/10 and 30/70 diet. An important result is that Dh and Gw estimates of MRT RR led to the same observation.
The authors of the compared models (Grovum and Williams, 1973a; Ellis et al., 1979; Dhanoa et al., 1985) assigned ruminal MRT to the decreasing part of the marker concentration curves. This has been confirmed by Grovum and Williams (1977) and Eliman and Ørskov (1984) . However, Goetsch and Owens (1985) suggested that the decreasing part of marker curves is not due only to the expression of passage rate out of the rumen. The fact that ruminal MRT estimated from fecal concentration curves was overestimated (Beauchemin and Buchanan-Smith, 1989; Cruickshank et al., 1989) confirms this observation. Nevertheless, errors in either fitting the excretion curves of markers or in experimental sampling could explain such results. In the present study, ruminal MRT estimates provided by Dh model were similar to the reference values, whichever sampling site and marker were used; they were the same only for the liquid phase when the Gw model was applied and only for duodenal sampling site when the El model was applied. The Dh model, in considering digesta flow as a multicompartmental process, has the flexibility to fit a wide range of data. The MRT estimates from the 1/k method were similar to the reference values for the Cr marker, and for the Yb marker only for the 90/10 diet. As proposed by Grovum and Williams (1973a) , MRT RR estimates provided by their model were similar to those obtained by the 1/k method for markers Yb and Cr; when applied to Tm excretion curves, the Gw model led to higher values (mean difference Gw − 1/k of 2.3 h). This result is in agreement with Mambrini (1990) , who showed that the reverse of the slope of the descending part of the excretion curve of particulate marker corresponds to the MRT of the small particles in the rumen. Considering this statement, we should obtain, using the 1/k method, the same MRT values for both particulate markers. Nevertheless, we obtained higher values with the Tm marker than with the Yb (mean difference of 2.1 h), without any explanation because the composition of the particles to label and the labeling technique were the same.
In disagreement with our results, Quiroz et al. (1988) and Moore et al. (1992) compared the gamma age-dependent ( E l ) and the biexponential ( G w ) models for fitting fecal excretion curves and concluded that the Gw model was more appropriate for describing liquid phase passage rates and the El model for particulate phase passage rates. From our data, the superiority of the El model appeared only when fitting duodenal excretion curves. Dhanoa et al. (1985) reported that the El model was very sensitive to variation of initial data points on marker concentration curves that are more accurately determined when the sampling site is close to the rumen. As stated by Ellis et al. (1979) , particle outflow from the rumen is supposed to be a time-dependent process. Indeed, as the time that elapsed from a meal increases, physical characteristics of particles (size, density) enhance the probability of escape from the rumen (Welch, 1986; Ellis et al., 1988) . However, according to our results, age-independent models, such as those of Grovum and Williams (1973a) and Dhanoa et al. (1985) , adequately described passage of liquid, and passage of liquid and particles through the total gastrointestinal tract in sheep, respectively.
Discrepancies between ruminal MRT estimates by modeling and algebraic procedures appear to be related to the digesta phase considered. This result can be explained only partially by some migration of the particle markers from the initially labeled particles. Indeed, Yb and Tm were applied to fiber, which was soaked and then washed to remove unbound or loosely bound rare earth (Allen, 1986; Bernard, 1992) .
Influence of Sampling Site. Fecal sampling is currently used to determine ruminal passage rate because it does not require surgery and, thus, allows the use of large numbers of animals and because, theoretically, it must provide the same estimation of MRT RR using the models than does duodenal sampling.
In the present study, MRT 1 (mainly the reticulorumen compartment) estimates from duodenal and fecal sampling were similar for Gw and Dh models. This is in agreement with results from Goetsch and Owens (1985) . When using the El model, those authors observed shorter ruminal MRT when determined from fecal than from duodenal samples. By contrast, Prange et al. (1982) reported that ruminal MRT values were not influenced by sampling site when using the model. Moreover, Robinson and Sniffen (1983) , using the Gw model, obtained lower MRT RR values for Yb and Cr when measured at the duodenum compared with fecal samples, which suggests either that the slope of the descending terminal portion of fecal excretion curve can be affected by the passage in the small intestine, caecum, and proximal colon or that problems arose from the methodology used. Considering anatomical and physiological identifications of the parameters estimated by the models (Grovum and Williams, 1973a; Ellis et al., 1979; Dhanoa et al., 1985) , MRT in the rumen might not be influenced by digesta sampling site along the tract. This was effectively observed in a number of experiments, as reviewed by Ellis et al. (1979 . However, many factors, such as level of intake, feeding frequency, diet composition, nature of the marker, and marker concentration, have been reported to influence ruminal MRT values according to sampling site (Robinson and Sniffen, 1983; Coleman et al., 1984; Ehle et al., 1984; Goetsch and Owens, 1985; Cochran et al., 1986; Beauchemin and Buchanan-Smith, 1989) . Moreover, sampling frequency, duration of sampling, and the quality of the curve-fitting method used could be involved in the differences observed. Thus, Goetsch and Owens (1985) sampled the duodenum and feces during, respectively, 60 and 72 h after the marker dose, but that does not seem sufficient to allow a proper calculation of the slope of the terminal exponential of the excretion curve of markers.
MRT in the Second Mixing Compartment (MRT 2 ) and TT
MRT in the Abomasum. Estimates of the MRT in the abomasum seemed to depend on the model chosen, regardless of diet composition or sampling site. When fitting the Gw and Dh models to duodenal data, the parameter assigned to the smaller mixing compartment was allocated to MRT in the abomasum (Faichney and Griffiths, 1978) . Values of MRT in the abomasum observed in this study agree with those from Barry et al. (1985) and Grovum and Williams (1973a) , who demonstrated a differential outflow rate between liquid and particulate phases. But the MRT values provided by the models differed from the reference values: the Gw model overestimates and the Dh model underestimates abomasal MRT, according to previous comparisons (Dhanoa et al., 1985; Beauchemin and Buchanan-Smith, 1989; Lallès et al., 1991) . Nevertheless, the estimates of abomasal retention times, even though they differed by a factor of two, are small compared with the total average retention time, and it is the reason why this compartment is ignored during fecal curve fitting. The MRT 2 values produced with the double compartmental model ( G w ) were approximately double those estimated using the multicompartmental model (Dh), when applied to duodenal data. On the same data, estimates of TT were around 35% larger with the Dh model than with the Gw model.
MRT 2 , Model Gw and Dh. The same discrepancies
were obtained when the Gw and Dh models were fit to fecal data. For both models applied to fecal data, the second mixing compartment is attributed to caecum and proximal colon. Without reference values of MRT in this compartment, it is difficult to discuss our results in this area. However, for Williams (1973a, 1977) , values of MRT in this compartment predicted by the model represented 60 to 70% of its values determined by injection of a single dose of marker in the abomasum and analysis of the terminal portion of the excretion curve in feces. For Grovum and Williams (1977) , the model values were the real values of MRT because they accounted for a suspected streamlined flow of digesta through the caecum and proximal colon that could not be detected by simply injecting marker in the abomasum. Faichney and Boston (1983) suggested that a good identification of this compartment was made if liquid and particulate phases labeled with two markers led to the same estimate of MRT in the caecum and proximal colon because, in this compartment, liquid and particle phases do not behave independently (Coombe and Kay, 1965; Faichney, 1975; Faichney and Boston, 1983) . Our results obtained with the Dh model agree with these criteria. According to Barry et al. (1985) , MRT in the caecum and proximal colon would represent about 22% of the retention time in the total gastrointestinal tract of sheep, and this partially agrees with our results (21 and 12% of the total MRT, respectively, with the Gw and Dh models).
MRT 2 , El Model. With whichever sampling site, the second compartment in the El model was conceptually attributed to the rumen and was thought initially to represent the rate of processes that condition ingested particles to exit from the rumen (Ellis et al., 1979) . Thus, MRT 2 is the fractional passage rate of large particles into the pool of small and dense particles that can escape from the rumen to the lower gut. As stated before, this parameter can be compared with the difference between Tm-MRT and Yb-MRT, although the behavior of the marker is probably not exactly the same as labeled particles and these particles do not behave in the rumen as unlabeled particles of the same feed. When estimated from duodenal data, MRT 2 (El model) of the large particle pool in the rumen is similar to MRT calculated as Tm-MRT minus Yb-MRT. When estimated from fecal data, MRT 2 (El model) was twice that calculated by the subtraction method. This observation agrees with the results from Lallès et al. (1991) ; as previously suggested by and Pond et al. (1982 Pond et al. ( , 1988 , the biological interpretation of this parameter described more than the rate of mixing, hydration, degradation, and other age-dependent processes that improve the chances of passage out of the reticulorumen. These additional processes must occur postruminally and must include the mixing in the caecum and proximal colon. Prange et al. (1982) calculated that only 60% of the time represented by this parameter occurred in the rumen.
TT Calculated from the Gw, El, and Dh Models. The third parameter estimated by the models is the transit time. Theoretically, TT represents the transit time in tubular portions of the gastrointestinal tract (i.e., small and large distal intestines). Graphically, it is the delay between dosing and the first appearance of markers at the sampling site (Grovum and Williams, 1973a; Ellis et al., 1979; Dhanoa et al., 1985) . Faichney and Griffiths (1978) considered the omasum as the delay compartment when modeling duodenal data. With the Gw model fitted to fecal data, TT originates from the omasum and small and distal large intestines (Grovum and Williams, 1973b) . With whichever sampling site, our estimates of TT increased in order of El, Gw, and Dh; this agrees with results from Lallès et al. (1991) . The Dh model generally provided higher values of TT (Lallès et al., 1991; Beauchemin and Buchanan-Smith, 1989; Mambrini, 1990 ) because this parameter includes mixing and comminution of particles in the rumen when the marker is on large particles, as suggested by Dhanoa et al. (1985) . Even if we have to assume a zero transit time in mixing compartments, phenomena that take place in the abomasum (mixing process according to O'Connor et al., 1984) and in the caecum and proximal colon might also partly be included depending on the sampling site (duodenal or fecal).
Few data are available concerning MRT values in the omasum. Barry et al. (1985) proposed mean values of .7 and 2.3 h for liquid and particulate phases, respectively, supported by data in Table 6 from the Gw and Dh models. This must be recognized when discussing the TT estimates obtained from duodenal data. Globally, TT values obtained from modeling fecal data were close to MRT I calculated as MRT T minus MRT S . Theoretically, the TT values do not take into account events that occur in the caecum and proximal colon.
Furthermore, similar postduodenal marker retention times (MRT I in Table 6 ) were observed in our trial, whichever the marker, indicating that there was no differential rate of passage of liquid and solid components of digesta in the caecum and proximal colon (Coombe and Kay, 1965; Grovum and Williams, 1973b; MacRae et al., 1973; Faichney, 1975; Faichney and Boston, 1983; Huhtanen and Kukkonen, 1995) . Alternatively, when the retention time in the lower tract was calculated as a sum of TT and MRT 2 with the Gw and Dh models (see Table 6 ), retention time of the solids tends to be higher than that of liquid (e.g., Grovum and Williams, 1977; Huhtanen and Kukkonen, 1995) . As a result, no confidence could be placed in the significance of TT.
In conclusion, from our data, a reliable estimate of MRT in the reticulorumen has been obtained using the multicompartmental model of Dhanoa et al. (1985) , whichever sampling site and marker (digesta phase) are used. The same conclusion could be drawn with the biexponential model of Grovum and Williams (1973a) and with the age-dependent compartmental model of Ellis et al. (1979) , with some restrictions: With the Gw model, this conclusion applied only for the liquid phase, and, with the El model, only when it fits duodenal data. Moreover, the Dh model led to the same discrepancies among MRT RR according to the diet as observed when MRT RR was calculated using the reference method. These results confirm the reliability of modeling fecal excretion curves to determine marker MRT in the reticulorumen.
The two other parameters, MRT 2 and TT, cannot be allocated with certainty to reliable physiological processes. This is substantiated by differences between the reference values for these processes and these parameters derived from modeling. However, Williams (1973a, 1977) reported that MRT 2 and TT could be allocated to physiological processes, and our observations could be partly explained because the curve-fitting procedure they proposed was not followed. Nevertheless, the observation that the functioning of any subset of the gastrointestinal tract often diverges from ideal behavior (O'Connor et al., 1984; Grovum and Williams, 1977) suggests the difficulty of assigning MRT 2 and TT to physiological, physical, and anatomical components of digesta transit. According to some workers (Matis, 1987; Pond et al., 1988) , the age-dependent model for studying digesta passage in ruminants is appropriate because it can accommodate imperfect mixing in the compartments of the digestive tract and because it is suited to describing age-discriminating processes involved in particle outflow from the reticulorumen. However, the choice of passage model may be relatively unimportant when the main objective is to determine relative differences in passage parameters (Poore et al., 1991) . Nevertheless, this choice depends on the purpose and conditions of each experiment as suggested from results by Mambrini et al. (1988) and Quiroz et al. (1988) . Goetsch and Owens (1985) demonstrated that estimates of MRT in the first "mixing compartment" of the gastrointestinal tract depended on the site of sampling and they showed the influence that the diet has on the adequacy of MRT in the rumen when estimated from different sampling sites (i.e., rumen, duodenum, ileum, and rectum). Nevertheless, these mentioned differences could be attributed to samples that were collected for too short a time in the duodenum (60 h ) and in the feces (70 h). Feeding frequency (Coleman et al.,1984; Cochran et al., 1986) and species (Mambrini, 1990; Bernard, 1992) can also modify the effect of the site of sampling on MRT RR . Other problems encountered in measuring MRT are 1 ) the choice of the marker and 2 ) the labeling technique, which determines the feed fraction that is being studied (Ellis and Beever, 1984; Faichney, 1986) .
Implications
The multicompartmental models compared in this work led to an accurate estimate of mean retention time (MRT) in the reticulorumen from fecal marker concentration curves. This is consistent with the current trend in animal research to use noninvasive techniques for assessing digestive parameters. However, the choice of passage model depends on the purpose of the experiment and on the experimental conditions; MRT estimates can be altered by the sampling site, the marker used, the type of the diet, the feeding frequency, and the species tested. Another weakness in this field is improper curve-fitting procedures. This fault applies to all three models and is probably the source of most conflict and confusion in the literature. Further direct measurements are required to elucidate the differences observed among authors and models for transit time determinations and to relate more accurately the parameters of the models to anatomical or physiological processes.
